This paper presents a scheme to improve the line current distortion of power factor corrector (PFC) topology at the zero crossing point using a predictive control algorithm in both the continuous conduction mode (CCM) and discontinuous conduction mode (DCM). The line current in single-phase PFC topology is distorted at the zero crossing point of the input AC voltage because of the characteristic of the general proportional integral (PI) current controller. This distortion degrades the line current quality, such as the total harmonic distortion (THD) and the power factor (PF). Given the optimal duty cycle calculated by estimating the next state current in both the CCM and DCM, the proposed predictive control algorithm has a fast dynamic response and accuracy unlike the conventional PI current control method. These advantages of the proposed algorithm lower the line current distortion of PFC topology. The proposed method is verified through PSIM simulations and experimental results with 1.5 kW bridgeless PFC (BLPFC) topology.
I. INTRODUCTION
A power factor corrector (PFC) is a power converter controlled in such a manner that the line current has a high power factor (PF). Unlike diode rectifiers, PFC converters have been widely used in AC-to-DC power supply topologies because of their advantages of unit PF and lower line current distortion. Most PFC converters are controlled by the proportional integral (PI) controller. Many topologies are employed in PFC converters, and the boost converter type topology is a popular method with a simple structure [1] . However, the bridgeless PFC (BLPFC) has recently gained considerable research interest because of its higher efficiency compared with the conventional boost type PFC [2] , [3] . The boost converter-type PFC is shown in Fig. 1 , whereas the BLPFC is shown in Fig. 2 . The BLPFC consists of two switches and two diodes without the diode rectifier bridge as its name implies. Given the elimination of the diode rectifier, the BLPFC has a high efficiency [4] - [7] .
However, the line current of the PFC converter contains some distortion at the zero crossing point. This problem becomes more serious as the system power decreases and its line frequency increases. In particular, this distortion has been considered an important issue for most low-power applications. The main reasons for this distortion are as follows. The first reason is the dynamic response of the PI controller. Given the bandwidth of the PI current controller, its dynamic response is considerably slow. The line current is distorted because the error of the PI controller is considerably large, especially at the zero crossing point. The second reason for this distortion is the discontinuous conduction mode (DCM) operation of the PFC converter. Given the reason indicated in [8] , [9] , the PFC converter operates in the DCM near the zero crossing point of the input AC voltage. The line current cannot follow the reference current in this DCM interval, which results in line current distortion [10] . A controller with a fast dynamic response is required to lower this distortion [11] . Active research on predictive control has recently been conducted to obtain fast dynamic response of the control [12] - [19] . This paper presents a scheme to lower the line current distortion of PFC topology at the zero crossing point using a predictive control algorithm. The proposed predictive control algorithm predicts the current of the next state from the current of the present state in both the continuous conduction mode (CCM) and DCM. Given the optimal duty cycle obtained by minimizing the error between the reference and estimated currents, the proposed algorithm has a fast dynamic response unlike the conventional PI control method. The line current distortion at the zero crossing point can be lowered by applying the proposed method. The proposed method is verified with PSIM simulations and experimental results with the 1.5 kW BLPFC topology. Fig. 1 shows a traditional boost converter-type PFC topology, whereas Fig. 2 shows a BLPFC topology. The boost converter-type PFC topology comprises a diode rectifier and boost converter. The BLPFC topology has higher efficiency than the boost-type PFC topology because the BLPFC topology does not employ a diode rectifier. The BLPFC topology can therefore decrease the conduction loss of switching devices unlike the boost-type PFC converter. The BLPFC operation in a positive cycle of the input AC voltage is represented in Fig. 3 . S 1 and S 2 are switches, whereas D 1 and D 2 are diodes. The BLPFC operates similar to a boost converter that uses S 1 and D 1 when the input AC voltage becomes positive. Fig. 3(a) shows that S 1 is turned ON and the current flows from the input V AC through the inductor L to store energy. When S 1 is turned OFF as shown in Fig. 3 (b) , the energy in L is released as current flows through D 1 through the load and returns to V AC through the freewheeling diode of S 2 . Events in the second half of the period repeat in the same manner as in the first half that uses S 2 and D 2 . Although PFC converters have many topologies, most of them have two PI control loops. The inner current loop maintains the form of the sinusoidal current on the basis of the shape of the input AC voltage. Determining the accurate form of the input AC voltage |sinωt| is important to achieve the PFC objective. |sinωt| can be obtained simply by sensing the input AC voltage, but this method is too weak for the noise component, especially around the zero crossing point of the input AC voltage. Thus, the Phase Locked Loop (PLL) can be used to obtain the accurate |sinωt| [20] - [21] . We can determine the magnitude, phase, and frequency of the input AC voltage through the PLL. Given the use of PLL, the current controller can accurately control the line current in the form of the input AC voltage, including the zero crossing point of the input AC voltage. The outer voltage control loop maintains the required DC voltage and determines the amplitude of the current from the output voltage feedback. The block diagram of the control scheme, which includes the PI controller for the general PFC, is shown in Fig. 4 . The inner current loop should have a high bandwidth unlike the outer voltage control loop. The transfer function of the inductor current system can be expressed as follows:
II. CONVENTIONAL PFC TOPOLOGY

A. PFC Topology with the Conventional PI Control Method
where L is the inductance of the PFC, and C out is the output capacitance [22] . The transfer function of the PI controller can be expressed as follows:
where K p is the proportional gain, and K i is the integral gain of the PI controller. The current control block diagram is shown in Fig. 5 . The closed loop transfer function that considers the PI controller can be expressed as follows:
The bandwidth and gain of the PI current controller are selected by the stability criterion using the closed loop transfer function of the current controller and bode plot to stabilize the system. This bandwidth is also generally determined to be 1/20 to 1/10 of the switching frequency because the controller with excessively large bandwidth is weak for the noise and disturbance.
B. Zero Crossing Distortion of the Conventional Method
Fig . 6 shows the line current distortion at the zero crossing point of the input AC voltage. This distortion has two main reasons. The first reason is the slow dynamic response of the PI current controller. As mentioned in the previous section, the PI controller has a determined bandwidth that depends on the switching frequency of the system. This bandwidth limits the fast dynamic response of the PI current controller. Given the characteristic of the PI current controller, its error becomes larger than usual in the vicinity of the zero crossing point where the polarity of the input AC voltage changes. Moreover, the PI controller, which is suitable for controlling the DC component, cannot control the AC component properly. Thus, this error of the PI controller further affects the line current distortion. The second reason for this distortion is the mode conversion of the PFC converter. The PFC converter operation can be divided into two modes, the CCM and DCM. The line current has a leading phase relative to the input AC voltage at the zero crossing point because the PI current controller has a slow dynamic response [8] . When the line current decreases to zero from a positive value, the input AC voltage remains positive and the PFC converter operates in the DCM [9] . Similarly, when the line current decreases to zero from a negative value, the input AC voltage remains negative and the PFC converter operates in the DCM. The sensing current in the digital control is generally different from the average current in the DCM. Therefore, the digital PI current controller in this DCM operation interval cannot control the average current and intensifies the line current distortion. The distortion aggravates the line current quality such as the total harmonic distortion (THD) and PF. This distortion becomes more severe in a low-power system because the operating duration in the DCM is large when a small current flows.
III. PROPOSED ALGORITHM FOR DISTORTION REDUCTION
This paper presents a scheme to decrease the line current distortion at the zero crossing point using a predictive control algorithm. The proposed predictive control algorithm has a fast dynamic response unlike the conventional PI current controller because the optimal duty is calculated by predicting the next state current using the value of the slope of the inductor current. However, the calculation method should vary depending on the mode of the PFC converter because the line current shape is different depending on the mode. Thus, this paper presents a predictive current control algorithm in the CCM and DCM. The equivalent circuit of the PFC converter is shown in Figs. 7 and 8. Fig. 7 shows the current flow of the PFC converter during the switch ON time, whereas Fig. 8 shows the current flow of the PFC converter during the switch OFF time.
During the switch ON time T on , the voltage equation is expressed as follows: 
Rearranging Equation (4), the slope of the inductor current in T on can be determined as follows:
This inductor current slope has a positive value in T on because the absolute value of the input AC voltage |V AC | is always positive. During the switch OFF time T off , the voltage equation is similarly expressed as follows:
From Equation (6), the slope of the inductor current can be obtained as follows:
This inductor current slope has a negative value in T off because the value of the output voltage is always larger than |V AC | in the steady state.
The accurate instantaneous value of V AC is required to obtain the accurate slope of the line current because the V out can be seen as a constant value in the steady state. The values of the voltage and current are obtained simultaneously by sampling in the middle point of the rising edge of the inductor current at every switching cycle. Given that the value of the voltage is used to calculate the slope of the line current, the accurate slope of the line current at the time when the sensing is performed can be obtained. The proposed method also has a problem of one-cycle delay in the control similar to other digital control methods. However, the problem of one-cycle delay can be ignored in the control of low-power applications such as PFC converters unlike other cases because the low-power applications have a fast sampling frequency. Fig. 9 shows the inductor current and gating pulse of the switch in the CCM steady state. The average value of the inductor current in the CCM is the same as the sensing current. Given the inductor current of the current state i L,k , the inductor current of the next state i L,k+1 can be estimated using the slope of the inductor current, which is given by Equations (5) and (7). The estimated inductor current of the next state can be obtained as follows:
A. Calculation of the Optimal Duty for CCM Operation
where T samp is the sampling period, which is the sum of T on and T off . The difference i err between the reference current i * L and i L,k+1 is expressed as follows:
Assume that this error in Equation (9) is zero, then Equation (10) can be obtained from Equations (8) and (9) .
Rearranging Equation (10), T on can be calculated as follows:
Using Equation (11), the optimal duty cycle to set i err to zero in the CCM of the PFC converter can be obtained as follows:
B. Calculation of the Optimal Duty for DCM Operation
Fig . 10 shows the inductor current and gating pulse of the switch in the DCM steady state. The DCM operation has the characteristic of the sensing current being different from the average value of the inductor current. Thus, the average inductor current cannot follow to the reference current when the CCM method is applied to the DCM. Therefore, a predictive control method for the DCM is proposed.
Using a similar method of prediction to that used for the CCM, the average inductor current in the DCM can be predicted. The peak inductor current i L,peak is the increased value from zero for T on .
T zero is the time that the current reaches zero from i L,peak . The relationship between i L,peak and T zero can be expressed as follows:
T zero can be obtained using Equation (14) .
Unlike the CCM, the average value of the inductor current is different from the intermediate value of the current when operating in the DCM as previously mentioned. Therefore, the estimated average value of the inductor current in the DCM should be calculated.
Using the current integration, the estimated average value of the inductor current, i L,avg,n+1 , can be obtained as follows
The difference i err between i * L and i L,avg,n+1 is expressed as follows:
If i err is assumed to be zero, Equation (18) is obtained from Equation (14) to (17) .
T on can be expressed as follows: 
Using Equation (19) , the optimal duty for setting i err to zero in the DCM of the PFC converter can be obtained as follows:
IV. SIMULATION RESULTS
The simulation was performed using PSIM software to verify the validity of the proposed algorithm. The simulation parameters are listed in Table I . The output DC voltage in all cases is controlled to 380 V.
Figs. 11 and 12 show the line current of the PFC topology when the conventional PI current controller is used. Fig. 11 shows the line current in the 375 W (25% of the rated power) operation. The distortion of the line current can be seen over almost the entire interval. As mentioned in the previous section, the distortion becomes more serious in a low-power system because of the wide operating interval in the DCM. Fig. 12 shows the line current in the 1.5 kW (100% of the rated power) operation. The line current distortion is not highlighted in the CCM. However, the line current can be confirmed as clearly distorted in the DCM, including at the zero crossing point.
Figs. 13 and 14 show the performance of the proposed algorithm for PFC topology. Fig. 13 shows the performance in the 375 W (25% of the rated power) operation. Comparing Fig. 13 to Fig. 11 shows that the distortion has decreased. This reduction in the distortion is achieved because the proposed method can control the average current by estimating the current for the CCM and DCM. Fig. 14 shows the performance in the 1.5 kW (100% of the rated power) operation. The line current over the entire interval can follow the reference current accurately without Fig. 11 . Simulation result of line current for 375 W (25% of the rated power) operation when using the PI controller. Fig. 12 . Simulation result of line current for 1.5 kW (100% of the rated power) operation when using the PI controller.
distortion and delay because of the fast dynamic response of the proposed method. As the foregoing simulation results show, the proposed algorithm lowers the distortion of the line current at the zero crossing point.
V. EXPERIMENTAL RESULTS
The experiments were conducted using the 1.5 kW BLPFC set and TMS320F28335 DSP controller as shown in Fig. 15 to verify the proposed predictive control algorithm. The precise power meter YOKOGAWA WT3000 was used to measure the PF and THD of the line current. The experiments were performed under the same condition as those for the PSIM simulations shown in Table I . Similar to the PSIM simulation, the output DC voltage is controlled to 380 V in all cases. In the experimental results, the input AC voltage is the actual grid voltage that includes some distortions.
The controller performance is influenced by the controller bandwidth in using the PI current controller. The stable bandwidth and stable gain of the PI current controller can be selected by the stability criterion using the closed loop transfer function of the controller and bode plot. In addition, the bandwidth of the PI current controller is also generally selected to be 1/20 to 1/10 of the switching frequency. Therefore, we can select the stable bandwidth of the PI current controller. When the bandwidth of the PI controller increases, the controller can control the current accurately. However, the controller becomes unstable when the PI current controller with a bandwidth larger than 10000 rad/s is Fig. 13 . Simulation result of line current for 375 W (25% of the rated power) operation when using the proposed algorithm. used. Therefore, the PI current controller that has a bandwidth of 10000 rad/s is suitable for the current control. The proposed algorithm is compared with the current controller that has a bandwidth of 10000 rad/s to present the performance of the proposed algorithm.
Figs. 16 and 17 show the experimental results of PFC topology when the conventional PI current controller is used. Fig. 16 shows the experimental results for the 375 W (25% of the rated power) operation when using the PI controller. The line current is distorted over almost the entire interval and cannot follow the reference current because the PI controller has a slow dynamic response. In addition, the line current distortion becomes more serious in a low-power system because of the wide operating interval in the DCM. Fig. 17 shows the experimental results for 1.5 kW (100% of the rated power) operation when using the PI controller. The line current is clearly distorted at the zero crossing point of the input AC voltage. Similar to the result in Fig. 16 , the line current cannot follow the reference current at the zero crossing point because the error of the PI controller becomes larger than usual at the zero crossing point, where the polarity of the input AC voltage changes.
Figs. 18 and 19 show the experimental results of PFC topology when the proposed predictive control algorithm is applied. Fig. 18 shows the performance in the 375 W (25% of the rated power) operation when using the proposed algorithm. Given the fast dynamic response of the proposed algorithm, the line current can follow the reference current without distortion and delay. The proposed algorithm can also control the average current using the estimation of the current for the CCM and DCM. Given these advantages of the algorithm, the distortion at the zero crossing point is lowered. Fig. 19 shows the performance for the 1.5 kW (100% of the rated power) operation when using the proposed algorithm. The shape of the current becomes sinusoidal and the zero crossing distortion of the line current is apparently decreased compared with the result in Fig. 17 . The line current can be controlled as required without the distortion using the proposed algorithm. Fig. 20 shows the zero crossing interval of the input AC voltage for the 1.5 kW (100% of the rated power) operation. 20(b) shows the result of the proposed controller. In using the PI current controller as shown in Fig. 20(a) , the line current can be confirmed to be distorted at the zero crossing point of the input AC voltage. However, the line current can be confirmed to be controlled in the sinusoidal form of the input AC voltage without distortion when using the proposed current controller as shown in Fig. 20(b) . Fig. 21 shows the experimental results for the dynamic response of the proposed algorithm. The reference current is changed during the operation to verify the dynamic performance of the proposed algorithm. The reference current is changed from 6.5 A to 9.5 A in Fig. 21(a) and 9 .5 A to 6.5 A in Fig. 21(b) . The line current follows the reference current immediately without the overshoot or undershoot in all cases because of the optimal duty of the proposed algorithm.
The PF of the line current when using the PI control and proposed predictive control are plotted in Fig. 22 against the ratio of the rated power. The PF of the PI control in the 25% rated power operation is 0.9913, whereas that of the proposed algorithm is 0.9952. The PF of the PI control in the 100% rated power operation is 0.9981, whereas that of the proposed algorithm is 0.9999. The PF measurement result shows that the PF of the proposed predictive control is always better than the PF of the PI control.
The THD of the line current when using the PI control and proposed predictive control are also shown in Fig. 23 . The THD of the PI control for the 25% rated power operation is 12.63%, whereas that of the proposed algorithm is 7.5%. The THD of the PI control for the 100% rated power operation is 5.1%, whereas that of the proposed algorithm is 2.72%. The said results verify that the proposed algorithm improves the quality of the line current such as the THD and PF.
VI. CONCLUSION
A scheme to lower the line current distortion in PFC topology at the zero crossing point using a predictive control method in both the CCM and DCM was proposed in this paper. The proposed algorithm is based on predictive control. This proposed method has the advantage of lowering the line current distortion without the requirement of an additional circuit or complex control algorithm. Given the fast dynamic response of predictive control, the line current distortion can be lowered. Moreover, the line current can follow the reference current accurately over the entire interval because the proposed algorithm is divided into one for the CCM and another for the DCM. Therefore, the line current qualities, such as the PF and THD, are clearly improved when using the proposed method. The simulation and experimental results demonstrate that the proposed predictive control algorithm can effectively lower the line current distortion in PFC topology.
